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Abstracts
AninnovativedesignmethodoIogyoftopologO/optimizationbyutiIizingtheoptimaIityofbranchsystemsinnature,ｓｏcalledastheadaptivegrowthmetho｡,issuggestedinthisdissertation・Themethod
basesonsuchessentialcharacteristicsofbranchsystemsthatbranchescangrowbyadaptingthemseIvesautomaticallytothegrowthenvironmentsinordertoachievebettergIobalperfbnnances,suchasthe
maximalabsorptionofnutritionorsunlightinplantMndintelligentblooddistributionOfavascuIar
systeminanimalbody6Thus,itcanbeexpectedthatoptimumtopoIogiesofengineeringstructu剛andsystemswouldbeobtainedbythegenerationmethodbasedonthegrowthmechanismofbranchsystemsinnature
lnthestudybtheoptimalityandgrowthmechanismofbranchsystemsinnaturearestudied，anda
generationapproachoftheemergentprocessfbrbranchsystembeingconsideredasamaterialorenergytransportatiOnsystemissuggested・ThelayoutdesignprobIemsofthestiffenerpattemfbrpIateandsheIIstructuresandthecoolingchanneMnheattransfiersystemarestudiedastwotypicaIengineeringappHcationexamplesbythegenerationmethｏｄｂａｓｅｄｏｎｔｈｅｇｒｏｗｔｈｍechanismofbranchsystemsinnature・Havingthesimilaroptimalityofbranchsystemsinnature,thedesignedstiffenerIayoutpattemcanachievegoodmechanicalperfbnnancefbrthewholeplateorshellstructure，suchastheminimaI
complianceandthemaximalnaturefiPequency§andtheconstructedcooIingchanneIcanmakeitpossibletoattainacomparativeunifbrmtemperaturedistributionofthewholeheattransfersystem
l･IntroductionnaturealwaysshowapproximatingagloballyTherearemanybranchsystemsinnature，suchoptimaIperfbrmancethatcanminimizethecostsofaslungs,vasculartissues,botanical舵ｅ(canopies，theconstructionandmaintenanceoｆｔｈｅｆｌｕｉｄＴ蝋-脚ごs>｣a字SOoomLA1though上h亘tmnSpo伽i・nsyst・munderthcrestraiiifS誌1gr6流morphoIogiesandthegrowingenvironmentsofenvironmenLOntheotherhand，thetopologD／thesebranchsystemsaredifferentandtheirgrowthdesignoptimizationisrCgardedasthemostHQごf堕哩§率ｍｍＷ､iWaﾘ,璽阜ge9metriPofTbPtivcdpproachtoMvetli5耐息riai~or苗eFgy~ilifbrms(sizes,shapesandtopologies)ofthesebranchengineeringstructuにsandsystems,hoWeveritissystemscanbeconsideredbeingresultedfiPomsuchalsoadifTicultdesignproblemlfwecandrawoutcommongrowthprinciplethattheymustproVidethegrowthprinciplesfiPombranchsystemsinnaturetheeasiestwayfbrthecurrenttof1owthroughtheandapplythemtothelayoutdesignproblemsinwholenetwork・Asaresult,thebranchsystemsinengineering，somedifficulttopologOノdesign
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problemswouldbesolvedperfectly・The1℃fbre，inthisdissertation，aninnovativedesignmethodologD/oftopologyoptimizationbyutilizingtheoptimalityofbranchsystemsinnatureissuggested・Themethodbasesonsuchessentia］
chalacteristicsofbranchsystemsinnaturethat
blanchescangrowbyadaptingthemselvesautomaticallytothegrowthenvironmentsand
achievebetterglobalperfbrmances・Thus,itcanbe
expectedthatoptimumtopologiesofengineeringstructuresandsystemswouldbeobtainedbyutilizingthegenerationmethodbasedonthegrowthmechanismofbranchsystｅｍｓｉnnatuに．Asthe
engineeringappIications，thedesignprobIemofstifTenerlayoutpatternfbrplateandsheIIstructures
toattainminimalcomplianceandmaximaInaturaI
fiPequencybandtheconstructiveprobIemofcooIingchannelinaheattransferSystemtoachieveunifbrm
tempelnturedistributionarestudied
stifYenerisassumedtobearectanglewiththesamewidthasthethicknessofthegroundplate・Thusthecross-sectionalareasofthestifTeners,whichwillbe
setaSdesignvariablesintheoptimumdesignprocess，areonlychangedwiththeheightsofstiffeners・
Theoptimumdesignproblemofstiffenerlayoutpatternbygrowingandbranchingtreemodelcanbe
expにssedastominimizeormaximizetheSpecifiedmechanicaIIcsponseofthestructuresubiectedtotheconstraintofthestifTenervolume
OI9jective：ＯＢＪ→ｍｉｎ （１）
Subjectto：'≦Piimii （２）
Designvariables：Ａｉ（ノー1,2,3,…,〃）whereOBJdenotesthedesignohjectivainwhichit
standsfbrthestrainenergy（U）intheminimaI
compliancedesig、problem，whiIeitisthe
reciprocalsquareofnaturalfrequency（I/の,2）in
themaximalnaturalfiPequencydesignproblemyisthefmallyaddedvolumeofalIstiffeners,ａｎｄﾘﾉiimitistheupperlimitedstiffenervoIumespecifiedinadvance､Aiisthecross-sectionalareaofstifTener4
and〃isthetotalnumberofstiffeners・
WhenastiffenerisgrownfiPomaseeｄｏｆｔｈｅ
ｏｒｉginalplateoratipofagrownstiHenenthebest
directionfbrthegrowthofnewbranchissetasthe
directionwiththemaximaIdesignsensitivityFortheminimalcompIiancedesignproblemthedesignsensitivityofthestlninenel2D/withrespecttothe
cross-sectionalareaofthestiffenercanbe
calculatedwiththefbllowingEqs.(3)and(4)，
２２L=ＬＦＴ２Ｌ＝ （３）ａ４２ｄ４ｉ
芸－K)塾Ⅲ （４）既
ｗｈｅｒｅＫ,Fandudenotetheglobalstiffhessmatrix，thenodalfbrCevectolBandthenodaldisplacementvector6WhilefbrthemaximalnaturalfiequencydesignprobIem，thedesignsensitivityofthereciprocalsquareofnaturaIfi･equencyMthrespecttothecross-sectionalareaofthestiffenercanbe
caIculatedwiththefiollowingEq.(5)，
￥－．ｋ上迦-上坐川 （５）の/“のla4i
whereMisthemassmatrixofthewholestructura
ulisthemodalvectorassociatedwiththefirstorder
naturaIfrequencyの,、Ｔｈｅｇｒｏｗｔｈｒｕｌｅｉｓａｓｓｕｍｅｄ
ａｓｔｈａｔｔｈegrowingratefbreachstifTeneris
propoltionaltoitsdesignsensitMtybthusthecross-sectionaIareaofstifTenerjisupdatedbythefblIowingEq.(6)．
２．StiffenerLayoutDesignfbrPIateandShell
StruCtm℃ｓｂｙＧＩＤｗｉｎｇａｎｄＢＩＹｍｃｈｉｎｇｒ舵eModel
Thebasicadaptivegrowthruleofbranch
systemsinnatureistbatthenewbranchesaIwaysgrowandbranchoffinsuchadirectionthatcan
improvetheglobalfilnctionalperfbrmance・As
similartothegrowthprocessofabranchsystemin
nature，tbestiffenersonathinplateorsheII
structureal巳expectedtogrowinthedilCctionwith
themaximaleffbctivenessfbrthemechanicaI
perfbnnanceofthestructuresbytheextensionof
thenewbranches・BecausethedesignsensitMtycanprovidetheinfbrmationhowtochangethedesignvariablestoimprovetheglobalmechanicaI
perfbrmanＣｅ,theadaptivegrowthruIeofstiHener
extensionisthatthestiffenershouldgrowinthedirectionwiththecon℃spondingmaximaldesignsensitMb/duringthegrowthprocess．
2.1PmblemFormulation
ThebasicdesignmodeIisshowninFigl(a),ｉｎｗｈｉｃｈａｇｒｏｕｎｄｓｔｍｃｔｕｒｅｉｓｓｅｔａｓａpIatewithoriginaIbabystiffenersofnegIigibIecross-sections・
StifYbnersarealTangedconcentricaIlylasshownin
Figl(b),inwhichthecross-sectionaIshapeofthe
ｊｕｎＱｐｌａ[ｅＢａｈ 、
■
■■■■Ｕ■■■■Ｕ■■■■Ｕ■■■■■■■■■■ﾛ■■Ｕ■■■■■■■■■Ⅱ
(a)qoundstructure(b)Crosssectionofstiffener
Fig・lGroundstructureandgeometric
arlangementofstiffener
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areasaregreaterthanthespecifiedthreshold
dimensionAbrm1ch・Bothendsofthestiffbners
arethenａｄｄｅｄｔｏｔｈｅｓｅｔ｛Pbranch}，andall
stiffenersthatcanbeextendedfromthenew
branchingpointsareaddedtotheset{Raciiv.}，
andcangrowinthenextiterativegrｏｗｔｈｓｔｅｐ
Ｓｔｅｐ②ａｎｄ③continueuntilthetotalvolume
increaseofthestifTenersreachesthegivenupper
limitﾘﾉiimii,Finally§anoptimumlayoutpatremofthe
stifYenerscanbeobtained
Ｍ１筆;Ｍ号旱』）"~堂廻り-1,2L晉旱'≦↓ノー’ａイノ
響=念菫等
(6)
(7)
inwhichWliand〃aretheweightingcoefficient
tocontlCIthevoIumeincrement，thelengthof
stiffenerﾉ,andtbevolumeincrementatagrowth
step，respectiveIy、Ａｎｄ６０ＢＪ/aAdenotesthe
meansensitivitybwｈｅｒｅ腕isthetotaInumberofthe
activegrowingstiffeners．
２３DesignExamples
Figure2showstheloadingconditionsandthe
colTespondingstiffenerlayoutpatternsfbr
cantileversquareplatesappliedvarious
combinationsofbendingandtwistingloads・The
upperlimitedstifYenervolumｅｉｓｒｅｓｔｒｉｃｔｅｄａｓ
Ｊ′iimit=0.25Fbandtheconstantvolumeincrementis
adoptedTheweightingcoefficieｎｔｉｓａｓｓｕｍｅｄｔｏｂｅ
ｗ＝0.8,andthethresholdvalueofcross-sectionaI
a1℃afbrbranchingissetaMb『anch=10数0.Seedsare
selectedatthesupportingandtheloadingedges・
Thestiffenerlayoutpatternsofbendingload
distributedunifbrmlyonthewholesurfaceas
shoｗｎｉｎＦｉｇ､2(a）andbendingloaddistributed
unifbrmlyatthetipedgeasshowninFig2(b)ａｒｅ
ｓｉｍｉｌａＬｂｏｔｈｏｆｗｈｉｃｈｈａｖｅｔｗｏｖｅrticalstiffeners
startedfiomthequalterpointsoftheclampededge
toresistthebendingload,butsomesub-branchesin
Fig2(a)areattachedtothenearlycentralpartofthe
mainstifTenersandgrowhorizontaIly5whilethe
branchesinFig2(b)extenddirectIytothetipedge
ofthｅｐｌａｔｅｔｏｒｅｓｉｓｔｔｈｅｌｏａｄａｐｐｌｉｅｄｏｎｉｔ，The
finalIyimprovedstrainenergiesoftheabovetwo
bendingconditionsachieveUi=5.26ｘｌＯ４Ｕｂａｎｄ
Ｕｉ=2.27×l04Ub，reSpectively・HoweveBfbrthe
caseoftwistingloadinFig2(c),twovertical
stiffenersstartsymmetricallyfiPomthepointsvely
neartothetipsoftheclampededge,growstlaight
tiIltheoppositeloa｡ingedgeandthenextendalong
itThefinallyimprovedstrainenergyisUi=1.26×l04Ub・Inaddition，thestiffenervolumeis
concemHtedaｔｔｈｅｒｉｇｈｔｈａｎｄｓｉｄｅｏｆｔｈｅｐｌａｔｅｔｏ
1℃sistthesidewaysloadwhenthetwistingand
bendingloadsaI巳appliedsimultaneousIybasshoｗｎ
ｉｎＦｉｇ２(｡),andthefinalIyimprovedstrainenergy
isUi＝1.10×l0-4Ub．
2.2ＧｍｗｔｈＰｒｏｃｅｄｍ℃
Thegrowthtechniqueofstiffenerlayoutpattem
fbrplateandshelIstructuresbygrOwingand
branchingtreemodelcanbedescribedasthe
fbllowingsteps．
①Initialization:Thegroundplateisdisclctized
into8-nodequadrilateraIisoparametricshell
eIements・Thestiffenersfbrmedbytwo
adjacentnodesofagroundsheⅡelementare
discretizedintoisoparametric2-nodebeam
elementsTheinitialcross-sectionalareasfbr
thegroundbabystiffenersaresetaｓａｖｅｌｙ
ｓｍａＩＩｖａｌｕｅｄｏ、Thestartingpointsfbrthe
stiffenerstogrowbtheso-caIledseeds，are
assignedinadvanceandareincludedintoan
activebmnchiｎｇｐｏｉｎｔｓｅｔ｛Pbmnch}・The
extensibIeStiHbnersaroundseedsareincIuded
inanactivegrowingstifTbnerSet(Ractive).The
growthrate(volumeincrement)inaniterative
step△庇andtheupperlimitoffinalvolume
increasePiimitarealsospecifiedasdesign
conditions．
②Growing:ThefiniteelementanaIysisfbrthe
wholestructureiscarriedoutandthe
sensitMtiesofthestiffenersintheactiVe
growingstiffenerset｛Radivc｝arecaIculated
Then,thestiffenersintheset{RacIive)wiIIgrow
bycontrollingthevoIumeincrement,wherethe
growthrateofeachstiffeｎｅｒｉｓｄｅｃｉｄｅｄｂｙ
Ｅｑ.(6),soastobepropoltionaltoitsdesign
sensitivity6Duringthegrowingprocess，ｓｏｍｅ
ｓｔｉ碇ｎｅｌＢｉｎｔｈｅｓｅｔ｛Ra域ive）increasetheir
cross-sectionalareas，andsomeofthem
decrease・Ifthecross-sectionaIa尼ａｏｆａ
ｓｔｉｆｆｅｎｅｒｉｓｌｅｓｓｔｈａｎＡｏ，thedegenerated
stiffenerisexcludedfiomtheset{Ractive),and
itstwotipsaleremovedfromset{Pbmnch｝ａｓ
ｗｅｌＬ
③Branching:Thepotentialabilitytobranchis
activatedfbrstiffenerswhosecross-sectional
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(1)BranchesgrowbyobeyingthefamousMunny,sIawbwhichcanmakeenel2DノlossthroughthenetworkminimaL
で＝'13＋ざ（８）
wherwOand7i(i＝１，２)areradiiofparentanddaughterbranchesatabifhrcation,respectively6(2)AnewterminalsiteispositionedatthepointwiththehighestnutritiondensityintheIocal
growthspace・Ｉｆｔｈｅｒｅｉｓｍｏｒｅｔｈａｎｏｎｅｓｕｃｈ
ｐｏｉｎｔ,itisselectedrandomly．
(3)Branchesareassumedtobecylinders・Flowsin
thebranchesareassumedasfilIIydevelopedlaminarflowbｓｏtheyobeythefbllowingPoiseuille，ｓｌａｗ．
Ｕｉ=5.26×I伊Ｕｂ
(a)Bendingload
onthesurftlce
ＵＩ=Z27xlO4Ub
(b)Bendingloadat
tipedge
ｏ=竺竺 （９）～８γL
wheregisthevolumetricflowrate，△BZis
thepressu1℃dropperunitlengthofbranch，し
isthedynamicviscosityofthefMd,andmsthe
blanchradius．
(4)Anyterminalbranchhassameflowandsame
pressure,ｓｏｔｈｅｗｈｏｌｅｐｅｒｆｎｓｉｏｎｓｐａｃｅｃａｎｂｅ
ｂathedevenly・Theentmncepressureandflow
arealsospecifiedJ
(5)Thebranchsystemisdesignedinsuchaway
thatthevolumeofitisminimized,thatis，
〃
リ'=Zw2L,→min OO）
’＝Ｉ
where丙,LiareradiusandIengthofbranchj,ａｎｄ
〃isthetotalnumberofbranches
Accordingtotheaboveplcrequisites,ｔｈｅｇｒｏｗｔｈ
ｏｆｂｌａｎｃｈｅｓｃａｎｂｅｉｍｐｌｅｍentedasfbllows・A
certaindistributednutritiondensityisassignedina
specifiedperfilsionspace・Someinitialbranchesare
grown,whichsatisfj/thehydmdynamicconditions
andMⅢaysIawmhenutritiondensitiesinthe
locaIperfUsionspaceareupdatedThenanew
terminaIsiteisselectedinthelocalgrowthspace，whichispositionedatthepointwiththehighestnutritiondensitylfthereismorethanonesuch
point，itisselectedrandomly、Next，ｔｈｅｎew
terminalsiteisattachedtotheexistentbranches
nearit・ForeachattachabIecandidatebranch，the
bifilrcationpointisselectedoptimallywiththeobjectiveofminimumvolumeofthewholeMwolk
bytberestlnintofhydrodynamicconditions,andthe
newterminalsiteconnectswiththebifhrcation
pointtentativeＩｙＲａｄｉｉｏｆａｌlparentsofthenew
segmentareupdatedaccordingtoMulTay，sIaw6
Thentheconnectionisdissolvedbutthevolumeof
wholenetwolkfbrtheconnectionisrecorded・Bycomparingthevolumesofalltentativeconnections，theconnectionwiththeminimumvolumeismade
permanentfinally6Thegrowthprocessiscontinued
HJfJP'
Ｕｉ=1.26xlO4UbUl=1.10×1冊Ｕｂ
(c)TWistingload（｡)TWistingandbending
attipedge Ioadattipedge
Pig・ZStiffenerlayoutpattemsofcantilever
squareplatesapplieddifYisrentIoads
3.ReproductionofEmeR淫entProcessfbrBranch
SyStem
ltisnecessalytoreproducetheemelgentprocess
ofabranchsysteminnaturebeingconsideredasa
materiaIorenergytransportationsystembetweena
pointandafinite-sizevoIumeinordertoappIythe
optimaIityofbranchsystemsinnaturetosome
engineermgapplications．
3.1GrowtlnMechanisms
Adichotomousbierarchicalbranchsystemby
satiＳｃ/ingcertainhydrodynamicrestlaintsis
generatedtoadapttothegrowthenvironmenLA
certaindistributednutritiondensityisassignedin
theperfUsionspacetocontrolthegrowthof
branches,thustbedistributionofbranchesis
dependentonthedistributionoftheso-caIIed
nutritiondensity6Duringthegenelntionprocessof
blanchsystem，ｔｈｅｎutritiondensityinthewhole
perfilsiOnspacedecreasesanditsdistributiontends
tobeunifbnnThepl巳requisitesofconstructing
suchbranchsystemaにbrieflydescribedasfbIIows．
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untiltheavelagenutrientdensityintheperfilsion
spacecannotbedecreasedanymoreltimpliesno
morebranchescangrowintheperfUsionspace
becauseoflackfbreitherthenutritionorfluid
pressuraConsequently§atopoIogyofabranch
systemisobtained．
Figure4(a)showsarectallgularperfUsionarea
dividedintosixequalparts,inwhichthebigherand
thelowernutrientdensitiesareassignedalternately・
Figure4(b)showsthegeneratedbranchsystemlf
therectangularpelfUsionareaisconsideredasa
platewiththethicknessof3/５０ｏｆｉｔｓｓｈｏｒｔｅdge
length，ｔｈｅｖｏｌｕｍｅｒａｔｅｏｆｔｂｅｂｌａｎｃｈｓｙｓｔｅｍｉｓ
1.60％・Itisfbundthatthebranchsystemscanfill
upthewholerectangularperfilsionareasaswell，
eveniftherealecomers・Anditisobviousthatthe
distributiondensitiesofbranchesonthehigherand
theIowernutritiondensityareasaredistinctly
different,whichisdePendentonthedistributionof
initiaInutritionevenifitisverycomplex・Ｓｏｉｔｉｓ
ｓａｉｄｔｈａｔｂｒａｎｃｈｓｙｓｔｅｍｓｃａｎbegeneratedinanyshapeofperfUsionspaceappliedarbitmriIydistributednutrientdensity
３．２ＳｉｍulationExamples
Figure3showstheemelgentprocessofabranch
systemgenemtedonacircularperfUsiona1℃a，ｉｎ
ｗｈｉｃｈｔｈｅｎｕｍｂｅｒｓｏｆｂｒａｎchesinthegrowth
processare501,1001,2001and697Lrespectively・
TheinitialnutrientdensityisdistributedunifbrmIy・
IfthecircularperfilsionareaisconsideredasapIate
withthethicknessofl/l4oftheradius,thevolume
rateofthebranchsystem，ｉｅ.，ｔｈｅｒａｔｉｏｏｆｔｈｅ
ｂｒａｎｃｈｖｏｌｕｍｅｔｏｔｈｅwholeplatevolume,ism0％・
Itisfbundthatthebranchsystemcanfillupthe
wholespecifiedspaceandthedistributionof
branchesisalmostunifbrmdependingonthe
distributionofnutrientdensityThischamcteristic
canbeconsideredbeingresponsibIefbrthe
adaptivegrowthofbranchsystemsinnature，fbr
example,thehydrotropismofarootSystemofplant・
Moreoventhesimulatedbranchsystemhasboth
thickerandthinnersizeIeveIs,whichisconsidered
toberesponsiblefbrthechalacteristicofafMd
transportationbranchSysteminnaturethatthe
thickeronesconveyaIong-distancematerial
transportation，andthethinneronesexchangemate｢ialwithenvironmentltcanbesaidthatthe
simulatedbranchsystemisquantitativelysimilarto
branchsystemsinnature．
4.LayoutDesignofCoolingChannel
lftheso-callednutritiondensityinthegrowtb
processofbranchsysteｍｉｓｒｅｆｅｒｒｅｄｔｏａｓｔｈｅ
ｔｅｍｐｅｍｔｕ1℃inaheattransfbrsystem，the
distributionofbranchesisresponsiblefbrthe
distributionofcoolingchannels・Becausethe
branchsystemisgrownbythecontrolofthe
so-caIlednutrientdensitybthecooIingchanneIcan
begeneratedadaptivelytothetemperatureｓｏａｓｔｏ
ｍａｋｅｉｔｐｏｓｓｉｂｌｅｔｏａｃｈｉｅｖｅｇoodcoolingperfbrmance．
４．１ConductiveCoolingChannelDesignFirst,thelayoutofaconductivecoolingchanneIinaheattransfersystemisdesignedbythe
generationmethodbasedonthegrowthmechanism
ofbranchsystemsinnature・Theproblemisstated
as：Afinite-sizevolumeistobecooledthroughasmallpatch(heatsink)locatedonitsboundalybinwhichheatisbeinggenemtedatevelypoint・AfiniteamountofhighconductMty(Ap)materialisavailabIe・Detenninetheoptimumdistributionof
materiaMpthroughthegivenvolumesuchthatthc
temperaturedistributionofthewholevolumeisas
unifbrmaspossible・
Ｔｈｅｎaturalbranch-likeconductivecoolingchannelisconstmctedbasedonthecorTespondingoriginalblnnchsystem,inwhichitscross-sectionis
assumｅｄｔｏｂｅａｒｅｃｔａｎｇｌｅｗｉｔｈｔｈｅｓａｍｅｔｈｉckness
astheplate,Thewidthofthechannel，ｈｏｗｅｖｅＬｉｓａｓｓｕｍｅｄｔｏｂｅｔｈｅｓａｍｅｄｉａｍeterofthe
comrespondingblanchinthebranchsystem・TheratioofthennalconductMtyofthehighconductivitymaterial（Ab)tothelowconductivity
(AO)isassumedasﾉF＝と,/ﾉﾋO＞1
■■雲ｆ■〃戴く．．、｡．・１~)震イ．．？.ｆ･、､エ･'1t．・・・４
ゲ‐◆
・も.！
一白
￣｡0
ｃ
ｂ
●
５０１１＝わIＯＯｌＥ＝＞２００１弓６９７１
Fig.３Emergentpmcessofbranchsystemgenelated
oncircularperfUsiona1℃awithmifbrm
nurientdenisty(Volumerate=1.60％）
(a)Lowernutrition
／Highernutrition
＝０．６
(b)Simulatedbranch
system(volume
raに＝1.60％）
Fig.４BranchsystemgeneratedonarectanguklrPerfilsionareawithnon-unifbmnutritiOn
density
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４．２ConvectiveCoolingChannelDeSign
Next,thelayoutofaconvectivecoolingchanneI
inaheattransfersystemisdesignedbythe
generationmethodbasedonthegrowthmechanism
ofbranchsystemsinnature、Thedifferencefiom
theconductivecooIingchannelisthatthecoolant
flowisavailabletoremovetheheat・Theproblem
canbestatedas:cons伽ctanoptimumconvective
coolingchanne］inaspecifledvolumeapplieda
certaindistributedheatflux,inwhichcoolantflows
throughthechanneltoremovetheheat，
Abranch-likeconvectivecooIingcI1annelis
constructedinsideaflatpIate,ｗｈｉｃＭｓbasedonthe
conCspondingoriginalbranchsystemThediameter
ofeachsegmentinthecoolingchannelisassame
asthatofthecorrespondingbranchintheoriginal
branchsystemAcertaindistributedheatfIuxis
appliedonthetopsurfaceoftheplate,tbebottom
surfhceisinsulatedfromtheenvironment,andthe
othersurfacesareonthefbrcedairconvection
Coolantwithacertainvolumetricf1owrateisflown
throughthechanneltoremovetheheat、Actuallyb
theprobIemisatransientheatconductionproblem
betweenthesolidandcooIantinthepipe・HoweveL
becauseourgoalhereisonlｙｔｏｃｏｎｆｌｒｍｔｈeheat
conductionefficiencyoftheheattransfersystem
withaconvectivecooIingchanneI，theproblemis
simplifiedasasteady-stateheatconductiveproblem、
HoweveBitisnecessarytoconsidertheenergy
baIanceinthesystemresponsiblefbrthefluid
convectionBecausethetemperatureofcoolant
becomeshigherandhigherbypassingthroughthe
coolingchannelfi･ominlettooutleLtheenergy
balancｅｄｕｅｔｏｔｈｅｆｌｕｉｄｃｏｎｖｅｃｔｉｏｎｃａｎｂｅ
ａpproximateIyconsideredasthedistributionchange
ofthetemperaturesatthechannelwalLThe
temperaturediHbrenceatthechannelwallbetween
theinletandoutletofbranchicanbeevaluated
approximateIybythefbllowingequation
△為＝」ムー （11）pcCt'１迦・ｉ
ｗｈｅｒｅ９ｉｓｔｈｅｈｅａｔｆ１ｕｘａｐｐｌｉｅｄｏｎthepipe，A
andQaredensityうspecificheatofcoolant，
respectively・AndzJCiisthecoolantaveragevelocityｳ
ﾉiandMrelengthandradiusofbrancM・
Ｔｈｅｖｏｌｕｍｅｔｏｂｅｃｏｏｌｅｄｉｓａｓｓｕｍｅｄｔｏbemade
ofbelyIIium-copperaIloy;thermalconductivityof
whichisseｔａｓＡ=260Ｗ/1,Ｋ．Ｔｈｅcoolantflowed
throughthecoolingchannelsisassumedaswaten
temperatureatinletbeingassumedas20oC・
Figure6showsthePEMmodelandtemperature
distributionofarectangularplateapplieda
non-unifbnnIydistributedheatflux、The
branch-likeconvectivecooIingchannelis
constructedbasedonthebranchsystemshoｗｎｉｎ
(a)ＦＥＭｍｏｄｅｌ （b)Temperature
（Volume distribution
rate=9.71％）７１nax=57.55．C
FigSPEMmodelandtemperaturefleld
fbracircularplatewithanatural
blanch-lH<econductivecoolingchamel
underunifbrmheat-generatingrate
（a)ＦＥＭｍｏｄｅＩ （b)FEMresuh
Volumerate=1.26％Z1nax=32.55°Ｃ
Fig.６FEMmodelandtemperature齢Id
fbrarectangularpkltewithbranch-Iike・
convectivecoolingchamelappliednon‐
unifbmlydistributedheatfIuX
Acircularplatewiththeratioofthicknessto
diameterofO・Olisconsideredasthefinite-size
volumetobecooIed,inwMchtheheatgeneratesat
eveIypointwiththeunifbrmvoIumetric
heat-generatingrate９，"=105Ｗ/m3.丁helayoutof
theconductivecoolingchannelmadeofahigh
conductivitymaterial(Ap)isbasedontheoriginaI
branchsystｅｍｓｈｏｗｎｉｎＦｉｇ３，inwhichsome
brancheswithsmallercross-sectionsareomittedfbr
thｅｓｉｍｐlicity、ＴｈｅｌＨｔｉｏｏｆｔｈｅｔｈｅｒｍａＩ
認:嚇鰯ilI11;<〉'1;Ｗ|:淫鵬ＩＦ繩'{綾
Thetemperatureattheheatsinklocatedontbe
boundaryissetasThin=lOoCThewholestructure
isinsulatedfromtheenvironment・
Figures(a）ｓｈｏｗｓｔｈｅＦＥＭｍｏｄｅＬｉｎｗｈｉｃｈ
ｖolumerateofthecoolingchannelis９．７１％・
Figures(b)showsthetemperaturedist｢ibutionofthe
wholeplate,inwhichthelightercoIorstandsfbrthe
highertemperatureandthedarkercolorstandsfbr
thelowertemperature､Themaximaltemperatureis
Z1nSx=57.55°ＣItisfbundthatthehotspotsare
distributedoverthewholevolume．
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FEMmodelsofthehorizontal-verticaltree-like
conductiveandconvectivecoolingchannels，
respectiveIy、Accordingtotheirgeometries，the
corlespondingnaturalblnnch-Iikecoolingchamels
areconstructedbythesuggestedmethod，FEM
modelsofwhichal℃showninFig7(c)andFig.8(c)．
Figures７(b）ａｎｄ（｡）showthetemperature
distributionsoftwotypesofconductiveCooIing
channelsonthesamethennalboundalyconditions，
inwhichvolumetricheat-generatingratesalc
distributedunifbrmlyAndFigs､8(b)ａｎｄ(｡)sbow
thetemperaturedistributionsoftwotypesof
convectivecoolingchannelsonthesamethermal
boundalyconditions,inwhicllheatfluxareapplied
unifbrmIyonthetopsurfaces・
ItisfbundthatgoodcooIingperfbnnancescan
beachievedinbothtypesofcoolingchannels・
HoweveEitshouldbenoteditisjustbecausethe
thelmalboundaIyconditionsarevelysimple
(unifbmllydistributedheat-generatingratesand
beatfhxareapplied)，thesimpleandregular
distributedcooIingchannels，ｉ・ａ，the
horizontal-verticaItree-likecoolingchanneIsうare
availableandeffbctive，Iftheheat-genemtingrate
orheatfluxisappliednon-unifbrmIy§itisdifficuIt
fbrtheconstructiontheorytodesignefYective
coolingcbannel,whileflexiblenaturalbranch-like
coolingchannelcanbedesignedadaptingtothe
arbitraWcomplexthemalboundalyconditions，
ＭｏｒｅｏｖｅＬｔｈｅｖｏｌｕｍｅｔｏｂｅｃｏｏｌｅｄｃａｎnotbe
changedarbitlHrilyanddefinedinadvancewhen
theconstructiontheoUisadoptedWhilethedesignvolumecanbedefinedinadvanceand、atural
bmnch-likecOolingchannelcanbedesignedtofiII
upanyarbitraIygeometriesbythesuggested
genemtionmethod､Therefbre,itcanbesaidthatthe
suggestedgenerationmethodiseffectiveandmore
powerfhlfbrdesigningboththeconductiveand
convectivecoolingchannels．
(a)FEMmodel
（Volume
r蝋=Ｍ７船）
(b)Tempera伽ｅ
ｆｉｅｌｄ
（c)ＦＥＭｍｏｄｅｌ （｡)Temperature
（volume 髄ｌｄ
ｒａ鑓=,鶴62％）ｊｌ｢h?雛=53.32.ｃ
Ｆｉｇ７Ｃｏｍｐａｒｉｓｏｎｏｆｈｏｒセontalwertical
tree-likeandnaturalbranch-Iike
conductivecoolingchanneb
Fig4(b)，ｉｎｗｈｉｃｈｔｈｅｖｏｌｕｍｅｒａｔｅｉｓ1.26％by
omittingthebrancheswithsmalIercross-sections・
Theheatfluxisdistributedonthetopsurfacewith
thesamedistributionasthenutrientdensityin
Fig4(a),inwhichthestmngerheatfluxis9h=5×
105Ｗ/ｍ２，ａｎｄｔｈｅｗｅａｋｅｒｈｅａｔｆＩｕｘｉｓ９,=３×
105Ｗ/ｍ2．Ａｎｄｔｈｅｖｏｌｕｍｅｔｒｉｃｆｌｏｗａｔｔｈｅｉｎｌｅｔｉｓ
ａｓｓｕｍｅｄｔｏｂｅｙ＝６×lO5m3/s､Itisfbundthateven
thoughtheheatfIuxisdistributednon-unifbmly，
goodcoolingperfbmancecanbeachieved・Andit
isexpectedthattemperatul℃distributioncanbe
moreunifbnnifmorebranchesareincludedinthe
FEMmodel．
４．３ComlDarisonwithOtherConventionalDesign
Methods
lnordertovaIidatetheefYbctivenessofthe
naturaIbmnch-likecoolingchamel，thecooling
perfbrmancesoftheblanch-IikecooIingchannel
andlhehorizontal-verticaItree-Iikecoolingchannel
designedbytheso-calledconstructiontheoly
proposedbyBejan(Bq/と､,４，口00の,Ｓｈ叩ｅα"a
Si7wc〃e’ん碗E7Tgi"eem2gZoMJZz"℃,の"76rjZ陣，
[LHC助"67jZigE肋ivem0ノハBSS）arecompared
ForthehorizontaI-verticaItree-likeconductive
coolingchanneI,thedesignobjectiveisthatits
resistancetoheatflowisminimaLWhiIefbrthe
horizontaI-verticaI舵e-Iikeconvectivecooling
channel,thedesignobjectivesarethattheoveralI
fhennaIconductanceismaximalandthepumping
powerisminimaLFigure7(a)andFig.8(a)showthe
５.ConcluSion
Bystudyingthegrowthmechanismofbranch
systemSinnatulｃ，ａｎimovativeIayoutdesignmethodoIo部theso-caIledadaptivegrowthmethod，
issuggestedinthedissertation・LayoutdesignprobIemsofstiffenerpattemfbrplateandshell
structuresandcooIingchannelinheattransfer
systemsarestudiedastwotypicalengineeringapplicationexamplesbyutilizingtheoptimaIityofblanchsystemsinnature・ThesuggesteddesignmethodhasbeenvalidatedeffbctiveandpowerfUlbysomenumericaldesignexamplesandcomparingwithsomeconventionaldesignmethods・Itis
expectedthatthesuggestedmethodwillbeapplied
tomorepracticalengineeringappIications．
〆
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嗣囲
(a)ＦＥＭｍｏｄｅｌ
（Vol剛ｅ
柵=1.50％）
(b)Ｔｅ鮒pe剛ｕｒｃ
ｆｉｅｉｄ
露､鍛壼３２４５℃
圃國
（c>ＦＥＭｍｏｄｅｌ （｡〉胸mPerature
（vol伽ｅ 侭縫d
rate=１５()％）７hm雛=31.ファＣ
Fig.８Comparisonofhorizontalwertical
tree-likeandnaturalbranch-like
convectivecoolingchannels
学位論文審査結果の要旨
平成１６年１月２７日に第１回学位論文審査委員会を開催し、平成１６年２月４日に口頭発表ならびに第２
回審査委員会を開催して慎重に審議した結果、以下のように判定した。
提出きれた論文は、樹木や血管網に代表される自然界に存在する分岐網の適応成長過程を工学の構造形態
最適設計に応用する具体的な方法論について論じたものである。まず、自然界の分岐網の適応成長過程を支
配するパラメータを調べ、与えられた栄養分分布に対応して成長則と分岐則の仮定のもと、体積最小の局所
最適基準によって分岐網を生成するシミュレーション・アルゴリズムを提唱している。ざらにその結果を利
用して、薄板殻構造物の補強リブ配置形態を剛性最大化、及び固有振動数最大化する設計法を開発し、その
有効性を多くの例題によって検証している。また熱伝導冷却分岐網設計、冷却管路設計への分岐網設計法を
提唱し、分岐網を含む基本的な平板形状の定常熱伝導解析及び定常熱伝達解析によってその冷却高効率性を
示している。
以上、本論文は分岐網形態を構造強度設計や冷却網形態設計に応用することで、従来より格段に優れた性
能を有する工学設計の方法を提案した画期的な論文と評価できる。したがって、その内容は博士（工学）論
文に値するものと判定する。
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